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Size Distributions of Cadmium Sulfide
Nanoparticles Obtained from Templating
Methods
PAULO J. G. COUTINHO, CANDIDO A. G. MENDES, AND TERESA S. V. REIS
Departamento de Fı´sica, Universidade do Minho, Campus de Gualtar, Braga, Portugal
Cadmium sulfide (CdS) nanoparticles were obtained by soft templating methods using either an
already established reveredmicelle route or a newprocedure based on gel electrophoresis. TheUV-
Vis absorption or the photoluminescence excitation spectra were fitted using the CdS electronic
structure available in the literature together with a size distribution. The obtained results indicate
that the amount of sodium dodecyl sulphate as a component of the agarose gel formulation has a
profound effect on the resulting nanoparticle population.
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Introduction
Nanotechnology is a field of very active investiga-
tion. There is a wide scope of technological applica-
tions ranging from photocatalysis and sensors to fluo-
rescence imaging.
In this work, cadmium sulfide (CdS) nanoparticles
have been prepared by templating methods using sur-
factants and gel electrophoresis. The surfactant tem-
plating protocol was based on that of Pileni,1 using
AOT [sodium bis(2-ethylhexyl) sulfosuccinate] water-
in-oil microemulsions. In the gel electrophoresis pro-
cedure, cadmium and sulfide ions migrate under an
electric field in opposite directions until they meet and
react within the gel pores. This reaction is thus con-
trolled by diffusion through the gel pores. The applica-
tion of reaction–diffusion processes in nanofabrication
involving gels has recently been reviewed.2 The size
dependence of CdS electronic states was obtained by
a tight binding approximation.3 Using these theoreti-
cal results, in conjunction with a size distribution and a
Mie formalism for the scatter/absorption of nanoparti-
cles of a given size, we were able to fit the experimental
absorption and excitation spectra of CdS nanoparti-
cles, either in AOT reversed micelles or in dried gels.
In the case of AOT templating, the resulting particles
should be spherical and the calculated average sizes
can be compared to those obtained using empirical re-
lations between first absorption peak and nanoparticle
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size proposed by Yu and colleagues.4 In the gel elec-
trophoresis templating experiments, excess concentra-
tion of one of the ions and the presence of sodium
dodecyl sulphate (SDS) surfactant was found to influ-
ence the size distribution of the nanoparticles and the
corresponding photoluminescence spectra.
Experimental
Nanoparticles have been prepared by soft routes
with mild chemical conditions using the water cavities
in microheterogeneous media as templates.1,5 In this
work we prepared CdS nanoparticles by two different
methods.
In method 1, the water pools of reversed micellar
systems1 were used as templates. In brief, solutions of
reversed micelles containing either cadmium nitrate
or sodium sulphide are added together. After ∼1min
a yellow/orange color develops which is indicative of
CdS formation.
In method 2 the pores of an agarose gel under
an electric field are used as a templating medium.
To our knowledge, it is the first time that the lat-
ter procedure has been used. In brief, using an elec-
trophoresis apparatus, a sodium sulphide solution is
inserted in a well near the negative pole and, in
a corresponding well near the positive pole, a cad-
mium nitrate solution is inserted. The electric field-
induced migration of the ions will eventually lead to
their encounter and the formation of CdS particles
within the gel pore. SDS was also included as its sur-
face activity could influence the particle growth within
the gel.
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Modelization
The absorption spectra of CdS quantum dots
(spherical particles) of various sizes have been empiri-
cally described by Yu et al.4 with the following equation
d (nm) = −6.6521 × 10−8λ3max + 1.9557
×10−4λ2max − 0.092352λmax + 13.29 (1)
where d is mean particle diameter and λmax is the
maximum wavelength of the first excitonic band. This
equation will allow an estimation of the mean particle
diameter, which will validate the modelization of the
CdS nanoparticle absorption to be used.
Mie scattering theory applied to spherical partially
absorbing particles gives6,7:
σ = 12πω
c
ε3/2m R
3 ε2
(ε1 + 2εm )2 + ε22
(2)
where εm is the static dielectric constant of the sur-
rounding medium, ε1 and ε2 are the real and imagi-
nary parts of the dynamic dielectric constant of CdS
particles, R is the particle radius, c is the velocity of
light in a vacuum, and ω is the light frequency.
ε1 and ε2 depend on light frequency and on the light
absorption characteristics of the particles through:
ε1 (ω)= εS+
∑
i
fi
(
ω2−ω2i
)
(
ω2−ω2i
)2 + ω22i
(3)
ε2 (ω)=
∑
i
fiωi(
ω2−ω2i
)2 + ω22i
(4)
where εS is the static dielectric constant of CdS and
ωi,  i, and fi represent, respectively, each transition’s
energy, broadening, and oscillator strength.
The CdS quantum dot transition energies are ob-
tained using theoretical calculations by Fonoberov and
colleagues.3 The exciton energy level 1S3/2 is given by
Eexc(1S3/2)=Eg + Ee0(R) + 706.0R1.987 −
431.9
R
(meV)
(5)
other levels are graphically reported3 as a function of
particle radius, R, between 1 nm and 5 nm, Eg is the
bulk CdS band gap, and Ee0 is the quantum confine-
ment electron ground state energy that is given by
Ee 0(meV) = 4886.16V 2/3 (6)
where V is the particle volume in nm.3
Oscillator strengths were also graphically reported
for four optically active exciton states (1S3/2, 1S1/2,
2S3/2, and 3S3/2).
FIGURE 1. Emission, excitation, and absorption spectra
of CdS nanoparticles obtained by reversed micelle templat-
ing (method 1) with ωo =5.0.
Other exciton levels can be constructed using higher
quantum confinement electron energies. Fonoberov
and co-workers,3 reported the first 20 electron en-
ergy levels. We assume that the form of EQUATION (5)
is mantained substituting Ee0 by the higher energy
electron states. Also the same dependence of oscilla-
tor strengths on particle radius is assumed but mul-
tiplied by a constant factor fk, where k runs from
1 to 6 corresponding to the six different quantum
confinement electron energies reported by Fonoberov
et al.3
Results and Discussion
In method 1 we expect that the resulting nanopar-
ticles are of spherical shape. Through a Gaussian de-
composition of the absorption spectra, the maximum
absorption wavelength of the first excitonic band can
be obtained. In turn, this value allows an estimation of
the mean particle size using EQUATION (1).
In FIGURE 1 the emission, excitation, and absorp-
tion spectra of CdS nanoparticles obtained by method
1 withωo = 5.0 are plotted together with the Gaussian
decomposition of the absorption spectra. The param-
eter ωo is determined by the amount of water in the
w/o AOT microemulsion:
ωo =
[H2O]
[AOT]
(7)
and is related to the size of the reversed micelles
through8:
Rw(A˚) = 1.5ωo (8)
Normalized absorption spectra of CdS nanopar-
ticles obtained by reversed micelle templating
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TABLE 1. Fitting of CdS absorption spectra obtained by reversed micelle templating (method 1)
ωo RW (nm) d/2a (nm) Rmb (nm) Rav (nm) σ (nm) f2/f1 f3/f1 f4/f1 f5/f1 f6/f1
2.5 0.38 1.31 1.47 1.47 0.229 2.21 9.10 6.15 0.155 0.003
5.0 0.75 1.48 1.60 1.60 0.255 2.01 5.53 2.46 22.9 0.00053
7.5 1.1 1.50 1.53 1.52 0.356 1.63 3.65 2.29 20.3 0.94
15 2.2 1.42 1.52 1.52 0,245 1.5 10.5 22.4 0.0039 0.0042
aObtained from EQUATION (1).
bMean particle size in the 1–5 nm range, calculated from a Gaussian distribution with Rav average size and σ2 standard deviation.
FIGURE 2. Emission spectra of CdS in dried agarose gels
with λexc =400nm.
FIGURE 3. Excitation spectra of CdS in dried agarose
gels with [SDS]=0.005M.
(method 1) were also fitted using Mie scatter-
ing/absorption theory (see MODELIZATION section) to-
gether with a Gaussian size distribution function. In
TABLE 1 the various fitted parameters together with
the mean particle size, obtained by both models, are
shown.
The average nanoparticle sizes obtained by the pre-
sented models are compatible. This serves as an initial
FIGURE 4. Excitation spectra of CdS in dried agarose
gels with [SDS]=0.05M.
validation of the proposed CdS absorption modeliza-
tion using Mie scattering/absorption theory.
The shape of the size distribution changes at
ωo = 7.5 and ωo = 15. Also the trends of fk change
for these ωo values. We conclude that the nanoparti-
cles deviate from spherical shape leading to different
oscillator strengths (factors fk).
In FIGURE 2 the photoluminescence of dried agarose
gels with embedded CdS particles is plotted for two
different SDS concentrations. Two emission bands are
observed that can be ascribed to charge recombination
(∼520 nm) and defects/trap emission (∼700 nm).9 It is
seen that the increase of CdS content in the gel clearly
increases the relative amount of charge recombination
emission.
In FIGURES 3 and 4 the corresponding excitation
spectra, taken at ∼520 nnm and ∼650 nm emission,
are plotted together with fitted spectra using Mie scat-
tering/absorption theory together with a log-normal10
size distribution. In the insets, the corresponding size
distributions are shown. In TABLE 2 the corresponding
mean particle size and the oscillator strengths factors
(fk) are tabulated.
The size distribution of the nanoparticles is broader
when λem = 650 nm than when λem = 520 nm, but
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TABLE 2. Fitting of CdS absorption spectra obtained by agarose gel electrophoresis templating
(method 2)
[SDS] λem (nm) Rma (nm) Rmax (nm) H (nm) f2/f1 f3/f1 f4/f1 f5/f1 f6/f1
0.05% 520 1.69 1.66 0.34 3.13 ∼0 4.68 3.82 1.35
0.05% 650 1.77 1.52 1.3 0.51 ∼0 4.85 ∼0 ∼0
0.5% 520 1.55 1.51 0.36 1.88 ∼0 10.1 1.43 0.00012
0.5% 650 1.65 1.61 0.43 1.72 ∼0 0.000011 ∼0 ∼0
aMean particle size in the 1–5 nm range, calculated from a Log-normal distribution with Rmax the peak size, H the peak half-width
and a fixed asymmetry factor of 1.2.
FIGURE 5. Calculated absorption spectra of
monodisperse 2 nm CdS nanoparticles.
that is not the case when the SDS concentration is high.
This indicates that SDS promotes the uniformity of the
nanoparticles. It was also observed (data not shown)
that when SDS concentration is high the nanoparti-
cles obtained with excess S2− have many more defects.
From the obtained size distributions (FIGS. 3 and 4),
particles emitting through defect states seem to be dis-
tinct from those emitting through charge recombina-
tion and correspond to larger particle sizes. We can
also conclude that high SDS concentration results in
nanoparticles with lower sizes. In gel templating the
particles are expected to deviate from sphericity. The
observed variations in oscillator strengths (factors fk)
should be related to particle shape variations, although
there is some covariation between the size distribu-
tion and the fi factors. On the other hand, this co-
variation can also influence the recovered particle size
distribution. FIGURE 5 plots the calculated absorption
spectra of 2 nm size monodisperse nanoparticles using
the fk values obtained from the fitting of the excita-
tion spectra of CdS particles in agarose gels. Com-
paring the absorption in the 420 nm region, an in-
crease is observed when λem goes from 520 nm to
650 nm. Thus the observed red-shift of the excita-
tion spectra when λem goes from 520 nm to 650 nm,
can be explained by an increase in particle size but
also by variations in fk values that influence the edge
of the excitation spectrum. This covariation can only
be avoided either by experimental measurement of
the particle sizes or by theoretical calculations of the
oscillator strengths at higher quantum confinement
electron energies.
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